Purpose: To investigate the influence of cell membrane permeability on diffusion measurements over a broad range of diffusion times. Methods: Human myelogenous leukemia K562 cells were cultured and treated with saponin to selectively alter cell membrane permeability, resulting in a broad physiologically relevant range of 0.011-0.044 mm/ms. Apparent diffusion coefficient (ADC) values were acquired with the effective diffusion time (D eff ) ranging from 0.42 to 3000 ms. Cosine-modulated oscillating gradient spin echo (OGSE) measurements were performed to achieve short D eff from 0.42 to 5 ms, while stimulated echo acquisitions were used to achieve long D eff from 11 to 2999 ms. Computer simulations were also performed to support the experimental results. Results: Both computer simulations and experiments in vitro showed that the influence of membrane permeability on diffusion MR measurements is highly dependent on the choice of diffusion time, and it is negligible only when the diffusion time is at least one order of magnitude smaller than the intracellular exchange lifetime. Conclusion: The influence of cell membrane permeability on the measured ADCs is negligible in OGSE measurements at moderately high frequencies. By contrast, cell membrane permeability has a significant influence on ADC and quantitative diffusion measurements at low frequencies such as those sampled using conventional pulsed gradient methods. Magn
INTRODUCTION
The self-diffusion of water molecules in biological tissues is restricted or hindered by intrinsic microstructures, and magnetic resonance methods for measuring diffusion obtain only an apparent diffusion coefficient (ADC) that reflects an integrated, average effect of restrictions and hindrances at multiple scales. In practice, the measured ADC of real tissues may depend on the choice of diffusion gradient factors and diffusion time and has been reported to be affected by multiple biophysical properties, including but not limited to cell size (1), cell membrane permeability (2) , intracellular and extracellular diffusion coefficients (3), cellular volume fraction (4), nuclear size (5) , and organelles (6) . The sensitivity of diffusion measurements to such microstructural features provides an opportunity to noninvasively probe pathologic changes caused by various diseases, which forms the basis for the widespread use of diffusion-based MRI clinically, such as detecting stroke (7), predicting tumor response to therapy (8) (9) (10) , and quantifying white matter structures (11) . However, variations in ADC usually reflect multiple factors that may simultaneously influence diffusion such that they rarely allow a unique interpretation of underlying causes. To assist better interpretation of diffusion data, the precise influence of individual factors on diffusion measurements needs to be understood, and methods that simplify this multifactorial dependence may have practical advantages. In the current study, we focus on the influence of cell membrane permeability and show that its influence may be substantially reduced using short diffusion times.
Most human cells have a high capacity for rapid water transport that is highly regulated, essential for normal biological function and often altered in a variety of disease processes, including cancer (12) . Cell membranes have only finite permeability and therefore act as restricting barriers to self-diffusing water molecules in biological tissues. The influence of cell membrane permeability on diffusion measurements has been investigated previously via theoretical modeling and computer simulations (2, 13, 14) , cell culture experiments (14) (15) (16) (17) , and MR imaging in vivo (18) (19) (20) . However, these previous studies had several limitations. First, they all considered diffusion over relatively long diffusion times so that all water in the sample had a reasonable chance of interacting one or more times with a membrane. These previous measurements used either pulsed gradient spin echo (PGSE) or stimulated echo (STEAM) sequences, and due to practical hardware limitations, the diffusion times were necessarily long. Note that theoretical modeling and computer simulations have predicted that, in larger cells, the influence of cell membrane permeability should be negligible when very short diffusion times are involved because little of the water volume would then interact with the restricting membranes (2); however, this behavior will depend on the surface-to-volume ratio of cells and has not been validated experimentally. Second, previous studies have usually investigated the influence of cell membrane permeability by blocking water channels (14, 15, 18) , whereas increases in cell membrane permeability are more physiologically relevant in biological tissues when pathological changes occur (21) (22) (23) (24) . Moreover, the blockage of water channels in live cells (15) or animals (18) can cause osmotic stress variations that may lead to apoptosis, during which cell size and other cellular features may vary, so these experimental approaches may result in variations in multiple cellular microstructural properties simultaneously, which complicates their interpretation.
To investigate the precise relationship between cell membrane permeability and diffusion measurements, two modifications to previous approaches were employed in the current study. First, we used oscillating gradient spin echo (OGSE) sequences to achieve short diffusion times (0.42-5 ms), combined with STEAM sequences to achieve longer diffusion times (11-2999 ms), so that a broader range of diffusion times could be obtained. There has recently been increasing interest in implementing OGSE methods with short diffusion times to probe microstructure at small length scales in tissues (25, 26) , but the influence of cell membrane permeability on OGSE measurements has not been investigated before except in simulations (27) . Second, a different experimental approach was used to selectively increase the cell membrane permeability (ie, to decrease intracellular exchange lifetime s in ) without altering other cellular features. Compared with previous studies increasing s in by only 7 ms (15), a wider range of s in ($82-317 ms) was achieved. This provided a more comprehensive assessment of the influence of cell membrane permeability with greater physiological relevance. By these means, a comprehensive investigation of the influence of cell membrane permeability on diffusion measurements was performed using both computer simulations and experiments in vitro over a broad range of diffusion times without interference from other cellular changes, particularly changes in the cell size.
METHODS

Selective Change of Cell Membrane Permeability
Saponin is a natural detergent that selectively removes membrane cholesterols (28) and produces small pores (40-50 Å ) in cell membranes (29) . Water molecules can diffuse through these pores, hence the cell membrane permeability is effectively enhanced. Note that saponin does not cross cell membranes, so the intracellular structure (eg, the nuclear envelope) is unlikely to be altered by saponin treatment. To prevent other side effects that may be induced by saponin treatment, only fixed cells were used in the current study. By such a means, cell membrane permeability was increased selectively without altering other cell properties, and this in turn provides an appropriate model system to investigate the precise influence of membrane permeability on diffusion measurements.
Sample Preparation
Human myelogenous leukemia K562 cells were purchased from American Type Culture Collection (Manassas, Virginia, USA) and cultured in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum, 50 U/mL penicillin, and 50 mg/mL streptomycin (Invitrogen, Carlsbad, California, USA) under standard culture conditions in a humidified incubator maintained at 5% CO 2 and 37 C. Once enough cells were cultured, they were collected and washed with phosphate-buffered saline (PBS), and then fixed with 4% paraformaldehyde in PBS for about 2 h. After fixation, cells were washed and divided into three groups, each treated with vehicle (control) and low (0.025% w/v) and high (0.05% w/v) concentrations of saponin. Briefly, 10% saponin was added to the fixed cells (at about 10 million cells/mL) to reach a final saponin concentration of 0.025% or 0.05%. After 30 min of incubation at room temperature, approximately 30 million cells were centrifuged at 6000 g for 2 min in a 0.65-mL Eppendorf tube to form a pellet, and all the liquid on the top was carefully removed. The estimated intracellular volume fraction was around 72%. There were six samples in each group. To confirm that the saponin treatment did not alter cell size distribution, aliquoted samples were spotted on glass slides and imaged directly using phase contrast microscopy. Over 100 cells were measured for each sample. Cell radii were 9.61 6 0.66, 9.46 6 0.73, and 9.49 6 0.56 mm for cell samples with saponin concentrations of 0%, 0.025%, and 0.05%, respectively.
MR Experiments
NMR diffusion measurements were performed on an Agilent/Varian 7T MRI system with a 12-mm Doty microgradient coil. Temporal ADC spectra were acquired over a broad range of frequencies and effective diffusion times (0.42 ms D eff 3000 ms) with five b-values evenly distributed from 0 to 0.6 ms/mm 2 . The diffusion gradients were applied simultaneously on three axes; the maximum gradient strength used was 1.42 T/m. Short diffusion times were achieved using OGSE sequences with apodised cosine-modulated gradient waveforms with a duration of 20 ms on either side of a refocusing pulse. Twelve oscillating frequencies (f) were distributed evenly from 50 to 600 Hz, corresponding to 12 effective diffusion times from 0.42 to 5 ms (D eff ¼ 1 4f ). Long diffusion times (equivalent to sampling low frequencies) were achieved using STEAM with a pulsed gradient duration d ¼ 3 ms. Twelve different effective times from 11 ms to 2999 ms were acquired by varying the mixing time TM but keeping the other parameters the same. A 3-mm axial slice crossing the middle of cell pellets was excited for the collection of NMR signals. By such a means, potential B 1 inhomogeneity and gradient nonlinearity effects at the edges of the cell pellets were avoided. Other parameters included: repetition time ¼ 5 s; number of excitations ¼ 2; number of dummy scans ¼ 2; receiver bandwidth ¼ 50 kHz; spectral resolution ¼ 390.625 Hz; echo time (TE) ¼ 50 and 15 ms for OGSE and STEAM sequences, respectively. The sample temperature was maintained at $17 C using a cooling water circulation system. The acquisition time of each diffusion frequency/time was about 1 min.
The intracellular exchange lifetimes were estimated using constant gradient (CG) experiments as described by Meier et al. (13, 19) . With the same STEAM sequence, diffusion weighting was achieved by keeping d ¼ 10 ms and varying the gradient separation D in 30 increments. The maximum D was 542, 310, and 165 ms for cell samples with saponin concentrations of 0, 0.025%, and 0.05%, respectively. Each experiment was repeated with two different gradient amplitudes, g ¼ 5 and 150 mT/m. The higher gradient amplitude data were normalized by the lower gradient amplitude data to compensate for any T 1 relaxation effects (19) . After normalization, the ADC of the slowly decaying component (D B ) was determined by linear regression using the last 10 data points (Fig. 1) . The intracellular exchange lifetime s in was then derived as (13) 
where c is the nuclear magnetogyric ratio. The cell membrane permeability P m can then be derived as (13,30)
where R is the cell radius and D in is the intracellular intrinsic diffusion coefficient.
Simulations
Computer simulations were performed based on the cell membrane permeabilities derived from experiments (ie, 0, 0.01, 0.019, 0.044 mm/ms). The simulations used an improved finite difference method (27, 31) and tissues were modeled as spherical cells regularly packed on a face-centered cube lattice with intracellular fraction of 68%. The extracellular intrinsic diffusion coefficient was assumed to be the same as the free water diffusion coefficient at 20 C, i.e. D ex ¼ 2 mm 2 /ms (32) , and the intracellular intrinsic diffusion coefficient D in was assumed to be one-half of the free water diffusion coefficient (33) 
.75, 5, 7.5, 10 mm, were simulated to investigate the coupled influence of cell size and membrane permeability. The MR sequence parameters were the same as were used in the experiments. Figure 1 shows the signal intensities measured in CG experiments as a function of b-value for cells with three different concentrations of saponin. Note that the error bars, as determined by the standard deviations of six samples in each group, were smaller than the symbol sizes in most cases. The straight lines represent the linear fitting for the natural logarithm of the last 10 data points and their b-values (19) . The samples treated with higher concentrations of saponin showed more rapid signal decays, which indicated larger ADC and higher cell membrane permeability. The s in times were estimated using Equation 1 to be 317 6 17 ms, 183 6 13 ms, and 82 6 4 ms for the cell samples with saponin concentrations of 0, 0.025%, and 0.05%, respectively. With the approximation that the intracellular intrinsic diffusion coefficient D in is about one-half of the free water diffusion coefficient at the same temperature (33), D in was assumed to be 1 mm 2 /ms, and the corresponding mean cell membrane permeabilities were then estimated using Equation 2 as 0.011, 0.019, and 0.044 mm/ms. Figure 2 shows the simulated ADC spectra for different cell sizes with different permeabilities. The ADC values at D eff > 10 ms were simulated for conventional pulsed gradient sequences, while those at D eff < 5 ms used cosine-modulated OGSE waveforms. As expected, ADC was observed to increase with increasing permeability, but it is evident that the influence of membrane permeability on ADC was very different at different diffusion times. When D eff was long (> 300 ms), ADC became relatively independent of D eff , and significant differences in ADC values were apparent between groups of varying permeabilities. This is consistent with previous results showing that ADC is mainly determined by membrane density and permeability at long diffusion times (2) . When D eff decreased from 100 ms to 1 ms, ADC changed dramatically for typical cell sizes (2.5 mm < R < 10 mm) with typical cell membrane permeabilities (0 < P m < 0.05 mm/ms) (16, 34) . Moreover, the ADC differences between groups became smaller with decreasing D eff . For typical PGSE-based measurements with 10 ms < D eff < 60 ms, the effects of permeability were usually not negligible. But for typical OGSE-based measurements with oscillating frequency as high as 200 Hz (35, 36) , the simulated ADCs were almost independent of permeability. When D eff < 1 ms, the ADC differences between groups disappeared, indicating that ADC values were insensitive to permeability with short diffusion times, as was predicted by computer simulations (2, 27) . Figure 3 shows the simulated dependence of ADC on cell size with different cell membrane permeabilities at two typical diffusion times. When D eff ¼ 30 ms, which is typical for pulsed gradient diffusion measurements, the dependence of ADC on cell size varies significantly with different cell membrane permeabilities. For example, the ADC of impermeable cells (P m ¼ 0) with a cell radius of 5 mm was calculated to be similar (1.7% difference) to that of cells with a radius of 2.5 mm and a cell membrane permeability of 0.011 mm/ms (see the two solid markers in Figure 3a ). This finding suggests that the cell size may be significantly overestimated if the cell membrane permeability is not taken into account in quantitative diffusion measurements. By contrast, when D eff ¼ 1.25 ms (f ¼ 200 Hz), which is readily achievable on current animal scanners, the dependence of ADC on cell size is insensitive to cell membrane permeability, which is desirable for accurate estimation of cell size from diffusion measurements. Figure 4 shows the measured apparent diffusion spectra for cells treated with different concentrations of saponin. The measured ADCs were larger for samples with higher concentrations of saponin because of higher permeabilities. The effects of permeability on the measured ADCs were in agreement with the simulation results shown in Figure 2 . For the sizes of cells investigated here (radius 9.5 6 0.6 mm), the OGSE-based measurements with shorter D eff were much less affected by changes of permeability than PGSE-based measurements. The ADC differences between different groups were <10% at D eff ¼ 5 ms and became <5% when D eff was smaller than 1.25 ms, indicating no significant differences between ADC values, even with various membrane permeabilities.
RESULTS
DISCUSSION
The goal of this study was to investigate the influence of cell membrane permeability on MR diffusion measurements over a broad range of diffusion times and physiologically relevant permeabilities, and to demonstrate that the effects of permeability variations can be minimized using short diffusion times. Cells were treated with either of two concentrations of saponin to vary the cell membrane permeability that was calculated from CG experiments (Fig. 1) to range from 0.011 to 0.044 mm/ms, corresponding to an intracellular exchange lifetime s in of 82-317 ms. Note that this is a physiologically relevant range for typical s in of tumor cells and those undergoing apoptosis. For example, the transmembrane water exchange rate has been reported as 2.9 6 0.8 s
À1
(s in ¼ 344 6 1.25 ms) for viable human brain tumor (22), and 1.4-6.8 s À1 (s in ¼ 147-714 ms) for tumor cells undergo apoptosis (21) . The saponin treatment at either 0.025% or 0.05% had no detectable effect on the sizes of the fixed cells. The effects of permeability on the measured ADCs were then investigated at a broad range of effective diffusion times (0.42 ms < D eff < 3000 ms). The results confirmed that the OGSE measurements are not sensitive to changes of permeability, especially at higher oscillating frequencies. This is an encouraging result for the implementation of OGSE imaging of tissues. For example, ADC values obtained using PGSE measurements are usually suggested as indicators of cellularity and have been widely used to monitor tumor response to treatment (37) . However, cell membrane permeability also changes in treated tumors and has been reported to increase significantly following apoptotic cell death (21) , which can then also significantly increase ADC values because water is no longer as restricted (38) . This may explain some observations that the ADC and tumor cellularity are not always strongly correlated (10, 39, 40) . Recently, there has been an increasing interest in implementing OGSE sequences to study tissues, including tumors, to probe structural variations at very small length scales (26, 41) , but the cell membrane is a major restricting barrier to water molecules that may still affect OGSE measurements when the diffusion time is of the order of the time to diffuse across a cell. The current study suggests that OGSE measurements in cells, ranging in size down to a radius of 2.5 mm, are not sensitive to changes in cell membrane permeability; this result implies that ADC values obtained using OGSE sequences with moderately high frequencies ($200 Hz) simply reflect the averaged intra-and extracellular diffusion properties on small length scales without the influence from cellular-level barriers. Such a conclusion may improve the interpretation of OGSE measurements in cancer and other pathologies. It should be pointed out that, if smaller cells (R < 2.5 mm) were imaged, higher frequencies (>200 Hz) would be required to minimize the influence of cell membrane permeability on OGSE measurements.
In addition to CG experiments, several other NMR approaches that rely on different relaxation or diffusion properties have also been proposed to measure s in (16, 17, 21, (42) (43) (44) . The CG experiment was chosen in this study because it can be implemented easily without a need to modify pulse sequences (42) or to add extra contrast agents (44) . Over the wide range of b-values used in CG experiments, the signal decay may not be monoexponential. The ADC of the slowly decaying component (D B ) at high b-values is mainly determined by the transmembrane flux, and the intracellular exchange lifetime s in can then be derived from Equation 1 (19) . However, it should be noted that the estimation of s in may be slightly biased in this study. As discussed by Meier et al (13) , at least two requirements need to be fulfilled for measuring s in accurately with CG experiments. First, the derivation of s in is through the modified Karger model (45), which assumes a long diffusion time (D Á D in /R 2 ) 1). The maximum D for the cells treated with 0.05% saponin was only 165 ms (D Á D in /R 2 $ 1.65), which means the long diffusion time assumption was not completely satisfied. Note that the diffusion time could not be increased further due to the limitation of the signal-to-noise ratio at long diffusion times. Even for D ¼ 165 ms, due to the fast signal decays with increasing D (Fig. 1) , the corresponding signal was already below 0.1% of the non-diffusionweighted signals. Second, because the stimulated echo CG experiment requires T 1 -weighting correction, the s in cannot be measured accurately unless intra-and extracellular longitudinal relaxations are similar. The measured T 1 times for the cell samples were around 2 s, while T 1 for the pure extracellular PBS was about 3 s. All of the aforementioned discrepancies may bias the accurate estimation of s in , as well as the cell membrane permeability. However, such a bias does not affect the current experimental approach qualitatively (eg, a higher concentration of saponin resulted in higher cell membrane permeability in our experiments).
The comparison between the simulated ADCs ( Fig. 2e ) and the measured (Fig. 3a) reveals two discrepancies. First, the simulated ADC values were almost constant when D eff > 500 ms, while the measured ADCs dropped slightly with increasing D eff . Our observation that ADCs decreased with increasing D eff at long diffusion times is consistent with previous results in skeletal muscle (46) , and it may be explained by the unordered packing of cells (47) . Our simulations were based on a collection of regularly packed spherical cells; however, cells are not spherical and, as prepared in these studies, pack randomly and without order. The spatially extended random restrictions result in a long-time tail in the dispersion of ADC with D eff , which has been suggested to characterize the structural disorder (47, 48) . Second, the simulated ADC values with P m ¼ 0.044 mm/ms were similar to that of the 0.05% saponin cells measured with P m of 0.044 mm/ms, but the simulated ADC values with P m ¼ 0.011 mm/ms were much larger than that of the control cells measured with P m of 0.011 mm/ms. It may be due to the inaccurate measurements of permeability or the influence of the random packing of cells (47) .
Although several models (49) have been developed previously to account for permeability effects, recent studies that have used diffusion data to estimate axon diameters or tumor cell sizes have, for simplicity, usually ignored water exchange between the intra-and extracellular spaces (50) (51) (52) . This assumes that the cell membrane permeability is small, so s in is much longer than the diffusion time, and consequently only a small fraction of water is exchanged during diffusion measurements. Based on the current simulation results, s in should be at least 15 times larger than the effective diffusion time, D eff , so that exchange could be ignored (ADC difference <5%). It should also be noted that the influence of permeability is different for different b-values with the same diffusion time. Only small b-values ( 0.6 ms/mm 2 ) were used to measure ADC in this study, where the monoexponential decay model appeared appropriate. However, the behavior of signal decay with large b-value (>2 ms/mm 2 ) would be more complex, and constant time experiments cannot be well described by the Karger model (13, 53) . It has been found that the diffusion measurements for larger b-values are even more sensitive to changes in cell membrane permeability (54) .
Supported by simulations and experiments, cosinemodulated OGSE measurements with shorter effective diffusion times are less affected by changes in cell membrane permeability. Thus, OGSE should be more specific for detecting other microstructural changes (25, 41, 55) . Here we should distinguish between the effective diffusion time D eff and the total duration of the oscillating gradient waveform D total . Water molecules diffuse and experience gradient effects over the total duration of the oscillating gradient waveform. D total is usually longer than 40 ms for cosine-modulated gradient waveforms, during which a large fraction of water can exchange between the intra-and extracellular spaces. However, the rapid reversal of the gradient during the time it is on ensures that only the fraction that exchanges during such a period affects the overall ADC. The effective diffusion time D eff can be reduced to <1 ms by increasing the oscillating frequency, and the ADCs then mainly reflect the diffusion behavior only over the short effective diffusion time (56) . Our simulations and experiments suggest that it is the effective diffusion time that determines the influence of cell membrane permeability on diffusion measurements (ie, the shorter the effective diffusion time, the smaller the influence of cell membrane permeability). More oscillations at the same frequency increase gradient duration D total as well as the diffusion weighting but have little impact on the influence of membrane permeability.
The focus of this study was the influence of cell membrane permeability, so the effects of D in , D ex , f in , TE, and T 2 relaxation were not fully considered. Based on previous simulations (4, 27, 57) , all of these factors may affect the ADC spectra. In extreme situations where the intraand extracellular T 2 were much different and the intracellular T 2 was much shorter than TE (eg, T 2in /T 2ex / TE ¼ 25/150/40 ms), the ADC values at f ¼ 500 Hz showed considerable decreases as the permeability increased from 0 to 0.05 mm/ms (27) . However, after increasing T 2in to be the same as T 2ex (eg, T 2in /T 2ex / TE ¼ 150/150/40 ms), the ADC values at f ¼ 500 Hz were found independent of the cell membrane permeability (27) . In the current experiments, the overall T 2 of cell samples was found to be around 130 ms, and TEs (50 ms for OGSE and 15 ms for STEAM) were much shorter than T 2 . Therefore, we expect that the influence of TE on our experiments was not significant.
A challenge to translating in vitro experimental results to in vivo studies is that there are significant pathophysiological differences between live tissues and fixed tissues or cell cultures. This is a common problem for all in vitro experiments and is not limited to the current study. However, by selectively altering cell membrane permeability, we developed a well-controlled biological test medium to study the precise influence of cell membrane permeability on diffusion MR experiments. Although the pathophysiological differences between live tissues and cell cultures (eg, intracellular volume fraction) may affect the quantitative results (eg, the threshold frequency at which the influence of cell membrane permeability on OGSE measurements can be ignored), the qualitative results are still relevant (ie, the influence of permeability on OGSE measurements will be less pronounced with shorter diffusion times).
CONCLUSION
In the current study, we developed an experimental protocol to selectively alter cell membrane permeability and then investigated its influence on diffusion measurements over a broad range of effective diffusion times (0.4 ms < D eff < 3000 ms). Stimulated echo acquisitions with pulsed gradients were used to achieve long D eff from 11 to 2999 ms, while cosine-modulated OGSE methods were used to obtain shorter D eff ranging from 0.42 to 5 ms. Consistent with computer simulations, the influence of membrane permeability on diffusion measurements is highly dependent on the choice of diffusion time. It can be negligible, but only when the diffusion time is very short, such as the case of cosine-modulated OGSE measurements at moderately high frequency ($200 Hz). By contrast, permeability has a major influence on diffusion measurements for intermediate/long diffusion times obtained in typical PGSE measurements. This study improves our understanding of the contrast mechanism of OGSE imaging and helps elucidate the influence of membrane permeability on PGSE measurements with intermediate diffusion times.
